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Chapter 5
Summary and Con lusion
5.1 Introdu tion
An unmistakable hara teristi of the global salinity of the o eans surfa e
is the onsiderable salinity dieren e between the Pa i and the Atlanti O eans at
the fringes of Central Ameri a. This remarkable hara teristi was explored in the
elebrated paper of Warren (1983) as one of the relevant fa tors in relation to the formation of North Atlanti Deep Water (NADW) and, as su h, it has an important role
in the global o eani

ir ulation. Moreover, the work of Broe ker (1987, 1991) oered

further support to this idea by suggesting that this dieren e ould be a resultant
hara teristi of the formation of a Global Conveyor Belt (GCB). Broe ker introdu ed
the on ept of a GCB as a resultant of many features (geography, atmospheri s and
o ean ir ulation), and this pro ess would be hara terized by the evaporation on the
Atlanti , ausing the in rease of the salinity levels in its surfa e waters, while in the
Pa i , the pre ipitation would dilute the surfa e waters. Rahmstorf (1996, 2003) and
Rahmstorf

et al.

(2005) endorses the idea of the exportation of freshwater from one

o ean to another; however, he disagrees that the exported amount would inuen e
the GCB formation and, on omitantly, the global o eani

ir ulation. Even with the

maintenan e me hanisms of the GCB still in debate, it is an a epted fa t within the
s ienti

ommunity that the net freshwater exported from the Atlanti to the Pa-

i O ean, a ross the Central Ameri a Isthmus, is responsible for the dieren e in
the surfa e salinity of the respe tive oasts although this phenomenon has yet to be
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quantitatively tested. A omprehensive des ription of this atmospheri freshwater link
between the o eans was the prime motivation for this study.
Within this ontext, the atmospheri

ir ulation, parti ularly in the Pa i

O ean basin, be omes important, sin e pro esses in the atmosphere are seen to form
an integrated system with the o ean ( ause and ee t), where an alteration in one
of them has a onsequen e in the other. Oort & Yienger (1996) des ribed the relations between the major atmospheri

ir ulation ells, the Hadley and the Walker

ir ulations, with the ENSO y le. Their ndings show that the strengthened of the
meridional ir ulation (Hadely ell) prevails over the zonal ir ulation (Walker ell)
during the El Niño events in the winter hemisphere, while during normal and La Niña
events, the opposite happens. In this ontext yet, a study of M Gue & HendersonSellers (1997) presents the imbalan e in the intensity of the wind omponents on the
Inter-Tropi al Convergen e Zone (ITCZ) region, with the dominan e of the meridional
omponent over its zonal ounterpart. Also, fo using the ITCZ in the eastern Pa i
and western Atlanti , Yang et.

al.

(2001) and Xu et

al.

(2005) des ribed how part of

the easterly Trade Winds are divert in the equatorial Atlanti O ean towards Mexi o
and North Ameri a, weakening the northern hemisphere Trade Winds that rea h the
eastern equatorial Pa i O ean. Yet, in Mit hell & Walla e (1992) is dis ussed how
the SST an drive the displa ement of the ITCZ in the eastern tropi al Pa i .
Therefore, on erning the onsiderable salinity dieren e between the East and
West oastal zones of Central Ameri a, and taking into a ount that the ITCZ region
has the highest levels of rainfall in the world, other regional atmospheri fa tors ould
not be negle ted. Thus, the variability in the supply of freshwater entering into the
region, as a onsequen e of the inuen es of the onditions in the ITCZ, would essentially indu e hanges in the dilution of the surfa e salinity of the o eani waters of the
easternmost tropi al Pa i .
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Thus, this work was developed with the aim of hara terizing and quantifying
the independent role of moisture transport from the Atlanti to the Pa i a ross the
Central Ameri a land bridge on one hand, and ondensation and rainfall in the ITCZ
on the other, in order to investigate the modulation of both pro esses by El NiñoSouthern Os illation (ENSO). A study of the impli ation of these inuential pro esses
in the surfa e salinity was also arried out.
With these enters of attention in mind, the atmospheri dataset pro eeding from the 40 year Re-Analysis of the European Centre for Medium-range Weather
Fore asts (ECMWF-ERA40) data server was used in onjun tion with an o eani appli ation. The numeri al modeling of the o ean was a hieved by applying a widely used
hydrodynami model (Modular O ean Model - MOM) in asso iation with a model for
the mixed layer. An important hara teristi of this asso iation was the use of the
atmospheri ow of freshwater as an independent variable of input. The salinity in the
upper o eani layers of the eastern tropi al Pa i O ean, as the main parameter of
the investigation under the o eani perspe tive, required that the numeri al approa h
would be of high redibility.
However, during the pro ess of validation of the proposed o eani numeri al
approa h some features emerged with regard to the salinity eld in the upper layers
of the eastern tropi al Pa i whi h had not been explored in their total extension in
the published previous works. Although these gaps gave the possibility to pursue an
expansion of the knowledge with respe t to salinity in the upper layers of the Pa i
O ean, their results should be seen as omplementary studies within the main obje tives pursued here. Therefore these omplementary studies provided a bonus for a
better understanding of the ENSO y le in relation to the salinity eld. In this nal
hapter they will not be expli itly dis ussed. Rather they will be regarded as a supplementary bonus, apart from the main theme and a quired en route as it were.
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Mindful of the fa t that this study as a whole onstitutes a ontribution to
knowledge rather than a denitive work, it fo uses on the existing omplexity of environmental fa tors in the region, either with respe t to the o ean or the atmosphere,
indeed as a result of o eani intera tion. Clearly, the region is just one part of the vast
onundrum of global ir ulation whi h involves these two systems. For this reason, the
presented study has evolved and gained omplexity in a natural and independent way.
For example, the studies with regard to the spatially integrated form of the atmospheri
elds had suggested, at some stages, behaviors ontrary to those expe ted. Thus, with
the intention of elu idation of su h questions, the study evolved in the dire tion of the
more elaborated statisti al pro edures. Consequently then, restri ting this summary
to the main obje tives and the s ienti inquiry whi h led to the on lusions rea hed,
the latter may be summarized as follows.

5.2 Synthesis of "Atmospheri freshwater sour es for
eastern Pa i surfa e salinity"
Aiming for the rst time to rea h a omprehensive hara terization of the role
of the omponents of freshwater transported into the region and their relation to the
lo al pre ipitation, statisti al te hniques were applied in a domain that obeyed the geographi

hara teristi s of the region, using the data set available from the ECMWF-

ERA40.
The freshwater balan e analyses between the atmospheri transports of freshwater into the region onrmed that most of the freshwater whi h pre ipitated as rainfall
in the eastern tropi al Pa i O ean originates from the Atlanti side of Central Ameri a. This on lusion was rea hed by an investigation of the spatially integrated atmospheri elds, whi h demonstrated that the atmospheri freshwater transported from
the Atlanti O ean a ross Central Ameri a by the northern hemisphere Trade Winds
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(FTr) ex eeded the atmospheri freshwater transported by the Southerly winds operating along the west oast of South Ameri an (FSth). Moreover, the analysis provided
lear eviden e that this relationship is altered by the ENSO y le. For example, during
El Niño periods, the volume of the atmospheri freshwater re eived via FTr de reases
while the volume of the atmospheri freshwater arried out by FSth feeds the region
with water vapour. Conversely, during La Niña periods the opposite happens, with
the strengthening of the atmospheri freshwater most of the volume of water vapour is
exported into the region by FTr and there is a resultant de rease in the volume of the
water vapour exported to the region by FSth.
Also undertaken was the analysis of the behavior of the atmospheri freshwater
exported to the region in order to onsider those transports whi h a t independently
in altering the pattern of lo al Pre ipitation (P). The spatially integrated pre ipitation
rate was ompared with the spatially integrated atmospheri freshwater transported
either by FTr or FSth. The analyses arried out suggested that, in the spatially integrated form, the FTr is less important than the FSth with respe t to their inuen e on
the varian e of the lo al pre ipitation, even more so if the orrelation indi es between
the time series are taken into a ount.
This apparent ontradi tion was later refuted when the time series were statisti ally analysed using the Single Value De omposition te hnique (SVD), whi h demonstrated, with regard to the respe tive varian es, that the oupling between P and FTr
is higher than the oupling between P and FSth. Furthermore, the analyses revealed
that the most signi ant signals of atmospheri freshwater transported into the region
permitted the quanti ation of their relationship with pre ipitation in the eastern tropi al Pa i O ean. Thus, the rst three SVD modes of the oupling between P and
FTr a ount for 80% of the total varian e of the pre ipitation, while that of the rst
three SVD modes of the oupling between P and FSth were responsible for up to 67%
of the total varian e of the pre ipitation. However, the SVD analyses were not able to
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extra t all nuan es in those ouplings. An analysis of period/frequen y of those signals
needed to be performed in order to address su h issues. Thus, the Wavelet te hnique
was applied to elu idate those ouplings.
The Wavelet te hnique was applied to the leading SVD modes, either for the
oupling between P and FTr or the oupling between P and FSth, and this supported
the previous suggestions rea hed in using the integrated atmospheri freshwater transport analyses: on the one hand a de rease in the atmospheri freshwater transported
by the FTr had o urred during El Niño periods, whi h indu ed a de rease in the
variability of the pre ipitation in the region; while on the other hand, the in rease
in the atmospheri freshwater exported into the region by the FSth, was responsible
for an in rease in the variability of the pre ipitation in the region. In addition, the
Wavelet analysis was able to apture the inuen es of the ITCZ migration in the region.
The atmospheri analyses, applied to the integrated elds and by statisti al
te hniques, allow us to estimate the extent to whi h these independent transports are
able to inuen e the Sea Surfa e Salinity (SSS). At this jun ture, the numeri al modeling of the o ean be ame relevant. The proposal was to explore su h atmospheri al
inuen es through a numeri al o eani model in whi h the atmospheri ow of freshwater was used as an independent variable of input. In su h a manner, the task would be
to estimate how ea h one of the atmospheri transports of freshwater a ts ex lusively
and independently in the SSS. Thus, after the validation of the model (the "Control Run" - Ctrl) with the observed data and omparisons with previously published
works, two independent runs of the o eani numeri al approa h were arried out in
whi h the variable (E − P ) was employed as the atmospheri freshwater input variable.
The pre ipitation eld was re onstru ted using the mean eld from the time-averaged
pre ipitation downloaded from the ECMWF data server, while its varian e was re onstru ted based on the rst three leading SVD modes from the previous atmospheri
analyses.
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At rst glan e, the results of the o eani numeri al approa h did not promptly
a hieve relevant on lusions; even so, it was possible to dis ern some features from
their ner analyses. For example, when the o eani numeri al model was for ed by the
variability in the pre ipitation as indu ed by the FTr only, during El Niño periods, the
results as output from the model were more saline than the Ctrl (SSS(Ctrl)). After the
El Niño periods, the dieren e between the time series stabilized, ontinuing parallel
to the time series in the result of the Ctrl. Although, when the model was for ed by
the variability in the pre ipitation as indu ed by the FSth persistently the time series
for the surfa e salinity was saltier than the surfa e salinity as output from the Ctrl.
This result ould suggest that the atmospheri freshwater transported by Southerly
winds does not have an important role in the rainfall of the eastern Pa i O ean, and
as su h may not usefully resolve the question of existing anomalies in surfa e salinity
whi h are not a ounted for by the atmospheri freshwater transported by Atlanti
Trade Wind analyses.
For both runs, those features were parti ularly evident in the eastern equatorial
Pa i O ean, while further west, the time series output from those runs provided the
same features with redu ed amplitude and some time lag. This latter hara teristi
suggested that the Atlanti freshwater signal was adve ted along the Equator.
Then, a signal of the salinity anomaly was on eived (∆S = SSS(FSth) SSS(FTr)) onsidering that the anomalies in the SSS experien e their inuen es through
the anomaly in the pre ipitation indu ed by the nominated atmospheri transports.
The time lag analysis applied to the ∆S presented a time delay of approximately 8
months to the salinity anomaly in order to propagate from the eastern tropi al Pa i
O ean, indu ed either by the FTr or by the FSth, so as to rea h the western boundary
of the o eani numeri al domain. This latter result allowed the establishment of the
propagation rate of the signal of salinity anomaly a ross the domain of the study along
the Equator.
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Finally, it is suggested that the present study a omplished its main obje tives
des ribed on page 12. The independent roles of the atmospheri freshwater exported to
the region have been established and quantied for the rst time, together with their
relationships to lo al pre ipitation, and onsequently to the salinity anomalies in the
eastern tropi al Pa i . Furthermore, additional features of the salinity eld in the
o eani upper layers of the eastern equatorial Pa i O ean were ontemplated during
the pro esses of validation of the o eani numeri al model approa h. Thus, the nal
on lusions of this study are listed as follows:

• Most of the atmospheri freshwater that rea hes the eastern tropi al Pa i O ean

region has its sour e on the Atlanti O ean side of Central Ameri a, being exported by the northern hemisphere Trade Winds; The relative proportion between
the volume of the water vapour transported by the northern hemisphere Trade
Winds (FTr) and that transported by the Southerly winds along the west oast
of South Ameri a (FSth) is invariably greater than 1 and is often larger than 2-3,
indi ating that FTr dominates over FSth. In the mean, FTr is a fa tor 1.8 times
larger than FSth.
• The observed annual y le of the relative proportion between the volume of the

water vapour transported by the northern hemisphere Trade Wind (FTr) and by
the Southerly winds along the South Ameri an oast (FSth), expressed as a ratio
index of FTr/FSth, maintains a lear oupling between the latitudinal displa ements of the ITCZ and the North Ameri an monsoon system. This annual y le
is altered from time to time in a ordan e with the state of the ENSO y le, in
that, for example the ratio de reases during El Niño events. This latter result
onrms the weakness of the northern hemisphere Trade Winds in the eastern
Pa i as a onsequen e of the failing of the Walker Cir ulation and strengthened
of the Hadley Cir ulation.
• At least 74% of the total varian e of the pre ipitation in the region an be ex-
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plained by the atmospheri ally imported freshwater, rea hing the region as transported by the northern hemisphere Trade Winds and/or by the Southerly winds
along the west oast of South Ameri a;
• Whatever the sour e of the rainfall over the eastern tropi al Pa i might be,

the me hanism whi h onverts the imported freshwater into rain is the ITCZ.
There is also a signi ant seasonal variability in the freshwater import from the
Atlanti O ean, but it feeds into the ITCZ throughout the year. Whether this
freshwater rains out immediately after rossing Central Ameri a or is adve ted
further a ross the Pa i depends on the intensity of the ITCZ over the region
at the time;
• The varian e of the pre ipitation is better explained during the La Niña periods

by the freshwater exported to the region by northern hemisphere Trade Winds,
while, during the El Niño periods, this varian e is better explained by the freshwater exported to the region by the Southerly winds along the west oast of South
Ameri a;
• A two month time lag is observed between the SOI signal and its ee ts to be felt

in the pre ipitation and, onsequently in the sea surfa e salinity in the eastern
tropi al Pa i O ean;
• Sin e the pre ipitation regime has been modied in the region, the indu ed sea

surfa e salinity anomalies propagate westward along the Equator at a rate of 0.25
m.s−1 (6.1 degrees per month), approximately.
• The asso iated salinity of the South Equatorial Current - North bran h (SEC(N))

has its main mode of the varian e (42%) tied to the annual period. Its relation
to the ENSO y le, based on this approa h, only appeared during the last strong
El Niño (1997/98).
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• The main mode of the varian e (61%) of the asso iated salinity to the Equatorial

Under Current (EUC) is sus eptible to the ENSO y le. During El Niño events,
the varian e asso iated with the main mode is maintained for a period of one
year, whereas in La Niña events, its periodi ity be omes shorter.
• The main mode of the varian e of the asso iated salinity to the SEC - South

bran h (SEC(S)), whi h a ounts for 57% of the total varian e, presents similar
behavior to the rst varian e mode of the EUC in relation to the ENSO y le.
• The entrainment of the salinity in the mixed layer is more on entrated in the

o eani equatorial region when looked at by its time-average, but one ase study,
along the Longitude of the 95◦ W, showed that, for that parti ular region, the
salt entrainment is only weakened or suppressed during El Niño periods, while
for the residual time the salt entrainment is ommonly well-developed.
• If on the one hand the time variation of the SSS is mainly related to the at-

mospheri ow of freshwater under the tra k of the ITCZ, alternatively, it is
possible to identify the ee t of the three main gaps lo ated in the mountain
range of Central Ameri a (the Chivela Pass at the Isthmus of Tehuantepe in
Mexi o, the Lake Distri t lowlands of Ni aragua inland of the Gulf of Papagayo,
and the entral isthmus of Panama), as fa tors that inuen e the time variation
of the SSS outer the ITCZ tra k.
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5.3 Final words
The question of the dieren e in the SSS between the two o eans as the driving
for e of the GCB will ertainly be a subje t for debate for some time yet. Nevertheless, despite a measure of dieren e in the opinions of the s ienti

ommunity, one

may sense a growing onsensus to a ept as fa t that water vapour olle ted over the
tropi al Atlanti is in fa t delivered to the Pa i and that this o urs in the vi inity
of the Central Ameri an land bridge. Although suspe ted, this pro ess had not previously been quantied, and it was the hallenge presented by this la una whi h was the
motivation for the present study. It is hoped that what has been a hieved will be seen
as a signi ant enhan ement of support for this basi

on ept.

This study oers for the rst time a detailed hara terization of the transport
of atmospheri freshwater pro eeding from the Atlanti O ean (FTr) to the eastern
Pa i O ean as the main sour e of atmospheri freshwater to the region. In addition
the relative omposition of the volume of water vapour whi h rea hes the eastern tropi al Pa i region has been quantied, together with the in lusion of the atmospheri
transport of freshwater sour ed in the Pa i itself (FSth). Moreover, the intera tion
between these two systems of atmospheri transport of freshwater, FTr and FSth, in
the pre ipitation of the eastern tropi al Pa i O ean is hara terized, and their onsequent imposed alterations in the SSS as an indu ed response to su h systems. This
study has also provided the relationships of all the treated systems and their respe tive
responses to the ENSO y le.
In addressing the general ir ulation of the global o ean, at rst glan e it would
seem unlikely that pro esses o urring in su h a small region as that, whi h provides
the fo us of this study, should play su h a dominant and wide ranging role. In so doing
it is relevant to draw attention to the fa t that it is extremely rare that a position has
been rea hed whi h allows for a denitive and nal on lusion to an environmental
problem, even of this s ale. Nevertheless, given the importan e of the Pa i O ean
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thermohaline ir ulation upon the global ir ulation and, as a onsequen e for the
limate system, it may be suggested that future development based on the te hniques
adopted and developed here an further ontribute to the analysis and identi ation
of the intera tions of the atmospheri al exportation of freshwater from the Atlanti
to the Pa i O ean through Central Ameri a Isthmus as presented. As a proposal,
a General Cir ulation Model study may be undertaken that in ludes the atmospheri
ow of freshwater as a pres ribed independent for ing parameter. Thus, the impa ts
of atmospheri al freshwater for ing applied in the eastern Pa i O ean to the high
latitude o ean basins would be assessed in an attempt to oer a more in lusive method,
and spe ial interest would be delivered into the return of the o eani freshwater ba k
to the Atlanti O ean, through Bering Strait. In this ontext, the proposed study
would be fo used in the freshwater exportation from the northern Pa i O ean to
the northern Atlanti O ean, losing the freshwater y le by in luding the transport
ba k to the Atlanti O ean. Indeed, in this proposed work, the role of the water
vapour atmospheri ally exported from the Atlanti to the Pa i O ean as part of the
global freshwater y le would be evaluated together with its inuen e to the Atlanti
overturning ir ulation.

